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Bock, J. M., Pickart, M. A., Pink, J. J. and Harari, P. M. 
Modulation of Tumor Cell Proliferation and Apoptosis by 
Polyamine Depletion in Cells of Head and Neck Squamous 
Cell Carcinomas. RadUU, Res. 152, 604-4510 (1999). 

These studies were carried out to examine the capacity of 
a-difluoromethylomithine (DiFMO) to modulate cell prolifera- 
tion and apoptosis in cells of squamous cell carcinomas (SCCs) 
of the head and neck. Exposure of cells to DFMO (5 mM for 
48 h) depleted intracellular putrescine and spermidine levels 
(greater than 5-fold) and inhibited proliferation of the cells 
without manifestation of cytotoxicity as measured by a clono- 
genic assay. Exposure of the cells to DFMO did not influence 
the survival response after exposure to single-dose radiation 
between 0 and 10 Gy. Treatment of polyamine-depleted cells 
with 200 nM staurosporine amplified apoptosis 65% (1.65-fold) 
over that in controls, as determined by flow cytometry. The 
increased apoptosis after DFMO treatment was effectively in- 
hibited by the addition of 1 mA/ putrescine or spermidine. 
Cleavage of poly(ADP-ribose) polymerase (PARP) illustrated 
that the staurosporine treatment induced apoptosis in the cells 
within 6 h. Analysis of PARP cleavage indicated that treatment 
with DFMO accelerated the kinetics of progression ofapoptosis^ 
but did not influence the sensitivity of cells to 10 nAf-1 fiAf 
staurosporine. These data suggest an involvement of endoge- 
nous polyamines in modulation of proliferation kinetics and 
apoptosis m human SCCs and suggest opportunities to explore 
new therapeutic strategies in head and neck cancer patients to 
be treated with radiation therapy, c i»w by Radimdon Research society 



ability to repopulate during traditional cytotoxic therapy, 
thereby increasing the overall clonogenic burden that must 
be eradicated to effect cure (3). Investigation of methods 
to inhibit the proliferation of these tumor cells during ther- 
apy (4), or to promote apoptosis (5), represents approaches 
that may favorably influence the outcome of therapy for 
patients with head and neck SCCs. The endogenous intra- 
cellular polyamines represent a potential target of interest 
because of their capacity to modulate the balance between 
tumor cell proliferation and apoptosis {4, 6). 

The capacity of endogenous polyamines to influence cell 
proliferation and growth kinetics in mammalian cells is 
weU established (5), and information about the influence of 
polyamines on the initiation and progression of apoptosis 
is emerging. Treatment of thymocytes with spermine inhib- 
its activation of apoptosis-associated nuclear endonucleases 
and formation of DNA ladders (7). Parchment has sug- 
gested that the reactive oxygen species formed during the 
enzymatic oxidation of polyamines may play a role in the 
production of apoptosis during the development of embry- 
onic cells (8), The MYC oncogene is implicated as an in- 
ducer of apoptosis through transcriptional control of orni- 
thine decarboxylase, the rate-limiting enzyme in polyamine 
biosynthesis; difluoromethylomithine (DFMO) slows this 
induction (9). This work examines the relationship between 
endogenous polyamines, cell proliferation, and apoptosis in 
cells of rapidly prohferating SCCs of the head and neck. 



INTRODUCTION 

Our advancing understanding of apoptosis (7) has fos- 
tered new insight regarding the normal characteristics of 
tumor growth and the response of cells to cancer therapy. 
In some systems, a delicate balance exists between cell pro- 
liferation and apoptosis in the natural history of malignant 
growth (2). Squamous cell carcinomas (SCCs) of the head 
and neck are among the most rapidly proliferating human 
solid tumors, with mean potential doubling times in situ of 
3-5 days. This high proliferative capacity affords SCCs the 

' To whom requests for reprints should be addressed at; Departmeni 
of Human Oncology, University of Wisconsin Comprehensive Cancer 
Center. 6(X) Highland Avenue, Madison. WI 537t^2-06(X). 



MATERIALS AND METHODS 

Drugs 

a-Difluoromethylomilhine was generously provided by Ucx Oncolo- 
gy, Inc., San Antonio, TX. Slock solutions of DFMO and putrescine (1 
M) were dissolved in water and filter-stenli/ed. Spermidine solutions ( 1 
M) were prepared in supplemented medium in the presence of 1 mM 
aminoguanidine to quench serum oxidases. Si(Kk solutions of stauro- 
sporine (500 |xA/) were prepared in 100% ethanoi. StcKk solutions of 
caniplolhecin (5 mAf) were prepared in dimeihylsulfoxide. 

Tissue Culture and Cell Lines 

The human SCC-13Y and SCC-4Y cell lines were t>ngmaJly established 
from biopsies from head and neck cancer patients imd were generously pro- 
vided by Dr. 3. I.ynn Allen-Hoffman (UniverNily of Wi.sconsin). The celJs 
were maintained a.s monolayer cultures as reported previously (4) Bnefly. 
cell cultures were maintained m Oulbecco's mixhfied Ragle's medium (Oib 
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CO) supplcmcnied with lO^r Fetal Clone IT serum, 1% penicillin-strepiomy- 
cin, and 0.8 |xg/m] hydrocortisone. Cell density and viability were measured 
by a hemocyiomcler and trypan blue dye exclusion. 

Phase and Flmtrescence Microscopy Assays 

Cells were grown on glass cover slips and fixed in 4% paraformal- 
dehyde After RNase and proteinase K treatment, cells were stained with 
hematoxylin and Hoechst 33258. After dehydration, cover slips were 
mounted on slides and examined with high-resolution fluorescence mi- 
croscopy. Apoplotic nuclei were identified by visuali/,ation of chromatin 
condensation by Hoechst staining. 

Polyamine Analysis 

Separation of the natural polyamincs and their monoacctyl denvatives 
was achieved by reverse-phase high-performance liquid chromalography 
(HPLC) usmg moditications of an established method (70). The quantitative 
analyses reported herein were performed in triplicate and reported as the 
mean 1 SEM. Absolute polyamine levels arc expressed as nmol/mg protein 
or as a percentage of polyamine depletion compared to control samples. 

Radiation Sum vol 

Exponentially growmg cultures of SCC-4Y and SCC- 1 3Y cells were 
irradiated in T-25 culture flasks with single exposures at the doses spec- 
ified. Cells were subsequently trypsinized. counted, serially diluted, and 
plated in triplicate for colony formation. Scored colonies were defined as 
containing greater than or equal to 50 cells. After an incubation interval 
of 14-21 days, colonies were stained with crystal violet and counted 
manually. Mean survival values from the triplicate samples were calcu- 
lated and plotted ± SEM and are shown as bar graphs. 

PARP Cleavage and Western Blotting 

Samples were probed to detect native PARP and cleavage products 
by harvesting prcconflueni cells from the medium and monolayer in cold 
phosphate-buffered saline (PBS; 150 n\M NaCl, 50 mM KH.PO,, 45 mM 
KOH). After centrifugation, cell pellets were resuspended in PARP-lysis 
buffer 162.5 xxhM Tris-Cl, pH 6.8, 6 M urea, \mc glycerol, 2% sodium 
dodecyl sulfate (SOS), 5% 3-mercaptoethanol, and 0.003% bromophenol 
blue] and sonicated on ice for 30 s (Fisher Scientific 550 Sonic Dismem- 
braior) SDS-polyacrylamide gel electrophoresis and Western blot transfer 
allowed separation of sample proteins The transfer membrane was 
stained with Ponceau S to check for equal protein loading and then 
blocked for 1 h in PBS/10% FBS/0.1% Tween/1 mM sodium azide. Im- 
munodetection of PARP cleavage was performed by incubation overnight 
with the C2-10 anti-PARP antibody (1:5000 dilution. Enzyme System 
Products. Dublin, CA) followed by 2 h incubation with 1:2000 dilution 
of secondary anti-mouse IgG horseradish peroxidase-conjugaied antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA). PARP cleavage was de- 
tected via chemilumine.scence visualization with ECL (Amcrsham Life 
Sciences, Arlington Heights, IE). Quantification of PARP cleavage was 
performed usmg a Gel Doc 1000 (Bio-Rad. Hercules. CA) as described 
previously (//). Briefly, equal areas from each lane were scanned and the 
signal was integrated. Background areas were subtracted from each area 
and the percentage of signal at 89 kDa was calculated by dividmg the 
89-kDa signal by the total signal at 1 1 3 and 89 kDa. 

Quantification of Apoptosis by Flow Cytometry 

Detection of apoptosis by flow cytometry was performed using a mod- 
ification of an established protocol (/2). Cells were harvested with trypsin 
and counted using a hemtKytometer and trypan blue exclusion. Samples 
were centnfuged and fixed in 9(X) ^jlI ice-cold 95% cthanol plus 100 p.! 
cold PBS for 24 h. After resuspension in phosphate-citnc acid buffer 
(0.192 mM Na.HPO,, 4 mM citric acid and 1 ulV/ EDTA) and PBS for 
45 min. the cells were stained overnight with P[ staining solution [0.33 
mg/ml RNase A, 33 ^ig/ml PI, 0.5% (v/v) Tnton X-KK), I mM EDTA m 
PBS] Samples were filtered and analyzed with a FACScan flow cylom- 



eter (Bccton Dickinson, San Jose, CA). Flow cytometry analyses were 
evaluated from histogram displays depicting total DNA content and fitted 
for extrapolation of apoptosis (ModFit LT software. Verity Software 
House. Inc.. Topsham, ME). All experiments were performed in triplicate 
with errors calculated as SEM. 

RESULTS 

DFMO' Induced Polyamine Depletion and Growth Inhibition 

High-performance liquid chromatography analysis of 
DFMO-treated cells (5 mM X 48 h) demonstrated depletion 
of endogenous putrescine and spermidine to essentially un- 
detectable levels compared to controls (Fig. I A). As shown 
previously (4, I3\ exposure to DFMO exerted little effect 
on intracellular spermine levels. Analysis of intracellular 
polyamine levels in STS-treated cells showed that STS 
treatment alone did not perturb intracellular polyamine 
pools (data not shown). HPLC analyses of polyamines were 
repeated in triplicate, and errors were computed as SEM. 
Exposure of all tested SCC cells to DFMO (5 mM) resulted 
in marked growth inhibition by 3-4 days. Figure IB pro- 
vides a representative growth inhibition profile in SCC-13Y 
cells. Clonogenic survival assays demonstrated that expo- 
sure to 5 mM DFMO for 48 h induced no appreciable cy- 
totoxicity in these cells (data not shown). 

Radiation Survival 

The influence of treatment with DFMO (5 mM for 48- 
72 h) on single-dose survival was examined in the SCC- 
4Y and SCC-13Y cells as depicted in Fig. 2. Despite minor 
differences m the characteristic radiation profile for each 
cell line, no differences were observed with regard to the 
presence or absence of DFMO exposure on the radiation 
survival response. 

Analysis of Apoptosis by Phase and Fluorescence 
Microscopy 

Microscopic analysis of STS-treated cells was performed 
to examine apoptosis in the human SCC cells. Morpholog- 
ical changes characteristic of apoptosis (J) were identified, 
includmg chromatin condensation, cytoplasmic blebbing, 
and perinuclear staining. Confirmation of these morpholog- 
ical changes was made by demonstration of chromatin con- 
densation in STS-treated cells using Hoechst 33258 staining 
(Fig. 3), Treatment with DFMO and the resultant polyamine 
depletion produced low levels of chromatin condensation 
that were similar to those observed in controls. 

Quantification of Apoptosis by Flow Cytometry 

Treatment with 200 nM STS reproducibly induced apo- 
ptosis (Fig. 4A and B), as did treatment with 5 jxM camp- 
tothecm (data not shown). To examine the effect of poly- 
amine depletion on STS-induced apoptosis, SCC-I3Y and 
SCC-4Y cells were incubated with 5 mM DFMO for 48 h 
prior to treatment with STS. Polyamine-depleted cells were 
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FIG. 1. Polyamine depletion and growth inhibitory effects of DFMU. SCC-13Y ceils were exposed 10 DFMO 
(5 n\M X 48 h) prior to harvesting for quantification of endogenous polyamine levels by HPLC as depicted in panel 
A (Pui = putrescine, Spd = spermidine, Spm - spermine). Growth curve profiles for SCC-13Y cells after DFMO 
exposure (5 xnM x 72 h present from day 0-3) are shown in panel B. Error bars for both panels represent the mean 
± SEM for replicate experiments. 



then treated with 200 nM STS for 8 h in the presence of 5 
mM DFMO and assayed for percentage apoptosis by ex- 
trapolation of sub-Gj -phase DNA content as determined by 
PI staining. The polyamine-depleted cells produced 65% 
(1.65-fold) higher levels of apoptosis than cells treated with 
STS alone. When DFMO-treated SCC-13Y cells were in- 
cubated in the presence of I niM putrescine, the amplifi- 
cation of apoptosis was abolished. Treatment with I mM 
spermidine produced similar results. Treatment with 5 mA/ 
DFMO alone, I mM aminoguanidine alone, or 1 mM pu- 
trescine alone yielded levels of apoptosis indistinguishable 
from that observed in control cells within experiment^^- 
ror (approximately 3%). 

Effects of Polyamine Depletion on PARP Cleavage 

SCC-13Y cells were treated with STS for 8 h and as- 
sayed for PARP cleavage. The cells reproducibly demon- 



strated PARP cleavage after treatment with a range of STS 
concentrations (Fig. 5A). Polyamine depletion accelerated 
the rate of formation of the 89-kDa PARP fragment 
compared to control cells after treatment with 200 nM STS 
(Fig. 5B). To examine the effect of polyamine depletion on 
the sensitivity of SCC-13Y cells to STS, the cells were 
incubated for 8 h in STS at concentrations ranging from 50 
pM to 1 \jJ4, STS induced cleavage of native PARP at all 
concentrations tested. 



DISCUSSION 

The antiproliferative effect of polyamine depletion holds 
promise both as a chcmopreventive agent (14) and as a 
potential adjuvant to conventional radiotherapy and/or che- 
motherapy in rapidly dividing tumors (4), To complement 
the established antiproliferative effects of polyamine deple- 
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FIG. 2. Radiation survival. Lack of effect of 5 m\f DFMO for 48-72 h prior 10 irradiation on tn viiro radiosen- 
sitivity (sinyle-dose survival). Panel A represents SCC-4Y cells, and Panel B represents SCC-I3Y *.ci]s. 



Material may be protected by copyright law (Title 17, U S Code) 



MODULATION Oh PKOUKHRAIION AND AKJPTOSIS BY TOI YAMINKS 



607 





FIG. 3. Microscopic analysis of apoptosis in SCC cells. Morphological characlerislics of SCC-) 3Y cells afler 
exposure to 200 nM staurosporinc (STS). Control (panel A) and STS-treaied cells (panel C) visualized by phase 
microscopy (original magnification 4CK)X t Control (panel B) and STS-trealed cells (panel D) visualized hy fluores- 
cence microscopy after staining with 5 jxe/ml Hoechsi 33258 (original magnificatitm 4(X)X). Arrows in panel D 
illustrate nuclear condensation and fraginentation in apoptotic cells. 



tion, we examined the influence of polyanune depletion in 
modulating apoptosis in cells of human SCCs. The ability 
of exogenously added polyamines to inhibit DNA laddering 
and endonuclease activation, presumably by protectioii^f 
DNA through polyamine binding, has been identified pre- 
viously (7, 15). The results above, which demonstrate that 
DFMO-induced polyamine depletion induces a 65% am- 
plification of apoptosis in cells of human SCCs, further 
suggest that endogenous polyamines can modulate the level 
of apoptosis. The capacity of polyamine depletion to slow 
proliferation in rapidly dividing tumors and to induce am- 
plification of apoptosis suggests a potential strategy for the 
treatment of human SCCs. Slowing of tumor ceil prolifer- 
ation in conjunction with amplification of apoptosis could 
serve to decrease the clonogenic burden requiring sterili- 
zation by conventional cytotoxic therapy in patients with 
rapidly prohferating SCCs of the head and neck. 

In this study, amplification of apoptosis was consistently 
observed in SCC cells treated with STS (as determined by 
flow cytometry and PAR? cleavage), whereas polyamine 
depletion produced minimal changes in camptothecin-in- 
duced apoptosis (data not shown). The specificity of this 
result to STS-induccd apoptosis may be related to the cell 
cycle phase in which the inducing agents are most active. 
Lower concentrations of STS are most active in G, phase 
of the cell cycle (16). DFMO induces a transient cell cycle 



block in cells of SCCs in G, phase (Harari, unpublished 
data), and ornithine decarboxylase activity is necessary for 
progression into S phase {17). Therefore, similar timing of 
action within the G, phase of the cell cycle may be re- 
sponsible for the ability of DFMO to amplify STS-induced 
apoptosis in head and neck SCCs. Inducers of apoptosis 
that are most active in other cell cycle phases, such as the 
S-phase inducer camptothecin, may therefore be less effec- 
tive at inducing apoptosis after polyamine depletion. 

The mechanisms whereby endogenous polyamines influ- 
ence the initiation and progression of apoptosis remain to 
be clarified. Evidence of an interaction between polyamines 
and apoptosis emerged from studies in developmental bi- 
ology, showing that by-products of polyamine catabolism 
(reactive oxygen species) arc requisite for the development 
of embryonic cells (8). The importance of polyamine ca- 
tabolism products and reactive oxygen species in the prop- 
agation of apoptosis is controversial (18, 19). Variation in 
intracellular polyamine levels alone may be sufficient to 
induce apoptosis (20), Under selected conditions, however, 
DFMO-induced polyamine depletion appears to suppress 
apoptosis. DFMO suppresses apoptosis in HeLa-TV cells 
by inhibition of tissue transglutaminase {21) and delays the 
progression of yWKC-induccd apoptosis in cells overexpress- 
ing ornithine decarboxylase (9). These variations may be 
due to differences in cell proliferation kinetics. Highly pro- 
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FIG. 5. Examination of the kinetics of apopiosis as measured by PARP cleavage. SCC-13Y cells were incubated 
for 8 h with 200 nM STS with or without pre treatment with 5 mM DFMO for 48 h. Panel A demonstrates the 
formation of PARP cleavage product at 89 kDa and the dechne m the 1 13-kDa b.ind. Pane! B depicts the quantifi- 
cation of PARP cleavage as a function of exposure time. PARP cleavage is calculated as the percentage of the total 
signal in each lane (89 kDa +113 kDa) that is in the 89-kDa band. 



FIG. 4. Detection of apoptosis by flow cytometry. Polyamine depleted SCC-13Y and SCC-4Y cells were treated with 200 nM STS (8 h) t 1 niA/ 
putrescine repletion. Panel A depict.s representative histogram data from flow cytomctr\ cxpermicnts for treatment groups as shown Panel B depicts 
apoptosis expressed as percentage of control level, extrapolated by quant i heat ion of sub G, phase DNA. from STS treated cells standardized to 1007r 
with errors shown as SEM. Individual treatments with DEMO and putrcscmc produced levels of apoptosis identical to that of control cells within 
experimcnta] error 
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liferative cells, such as SCCs, may manifest a more direct 
correlation between polyamine depletion and induction of 
apoptosis, whereas more slowly proliferating cells with 
high Go contents may be less likely to exhibit this effect. 

In our studies, polyamine depletion inhibited cell prolif- 
eration and amplified apoptosis, whereas exogenous poly- 
amine repletion was sufficient to inhibit the Df^O-induccd 
antiproliferative effect and amplification of apoptosis. The 
data on PARP cleavage indicated that polyamine depletion 
accelerated the kinetics of progression of apoptosis but had 
no influence on the overall sensitivity of the cells to STS 
over a broad concentration range. This finding suggests that 
polyamine depiction may preferentially promote apoptosis 
without directly affecting biochemical pathways to apopto- 
sis. STS is a powerful inhibitor of PKC, which has been 
implicated as a transcriptional control element for ornithine 
decarboxylase, the rate-linaiting enzyme of polyamine bio- 
synthesis (22). While we have demonstrated that STS does 
not directly perturb intracellular levels of polyamines, the 
combination of inhibition of ornithine decarboxylase by 
DFMO and the transcriptional down-regulation of ornithine 
decarboxylase by STS may combine to influence polyamine 
pools and ornithine decarboxylase activity. Further studies 
will investigate this relationship, and whether polyamine 
depletion modulates the specific expression of proteins as- 
sociated with apoptosis, such as TP53 and BCL2 (/). 

We are currently examining the ability of DFMO (and 
other antiproliferative agents) to modulate proliferation and 
apoptosis in cells of a variety of human head and neck 
tumor cell lines. The relationship between intracellular 
polyamine pools and apoptosis suggests a potential rele- 
vance to clinical therapy. Agents capable of producing an- 
tiproliferative tumor growth inhibition and amplification of 
apoptosis may prove to be valuable in the adjuvijnt theiagy 
of rapidly dividing human tumors such as those that occur 
in the head and neck. 
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